European genetic gradients of modern humans were initially interpreted as a consequence of the demic diffusion of expanding Neolithic farmers. However, recent studies showed that these gradients may also be influenced by other evolutionary processes such as population admixture or range contractions. Genetic gradients were observed in the Americas, although their specific evolutionary causes were not investigated. Here we extended the approach used to study genetic gradients in Europe to analyze the influence of diverse evolutionary scenarios on American genetic gradients. Using extensive computer simulations, we evaluated the impact of (i) admixture between expansion waves of modern humans, (ii) the presence of ice-sheets during the last glacial maximum (LGM) and (iii) long-distance dispersal (LDD) events, on the genetic gradients (detected by principal component analysis) of the entire continent, North America and South America. The specific simulation of North and South America showed that genetic gradients are usually orthogonal to the direction of range expansions-either expansions from Bering or posterior re-expansions to recolonize northern regions after ice sheets melting-and we suggest that they result from allele surfing processes. Conversely, our results on the entire continent show a northwest-southeast gradient obtained with any scenario, which we interpreted as a consequence of isolation by distance along the long length of the continent. These findings suggest that distinct genetic gradients can be detected at different regions of the Americas and that subcontinent regions present gradients more sensible to evolutionary and environmental factors (such as LDD and the LGM) than the whole continent.
Introduction
Genetic diversity among populations across a landscape can sometimes be distributed along gradients. Genetic diversity gradients can be observed using principal component analysis (PCA), as this approach can summarize information from large genetic datasets (Novembre and Stephens 2008) . For instance, Cavalli-Sforza and Edwards (1963) applied PCA on gene frequencies to study the European genetic diversity of modern humans. They found a PC1 gradient (genetic gradient observed with the first principal component) along a southeast-northwest (SE-NW) axis of Europe, a pattern which was later confirmed by posterior studies (Menozzi et al. 1978; Piazza et al. 1995; Sokal et al. 1989 ). This finding was explained as an effect of demic diffusion of initial Neolithic farmers during their range expansion from the Near East (Chikhi et al. 2002; Sokal and Menozzi 1982) , together with the replacement of Paleolithic huntergatherer populations with little or without admixture (Currat and Excoffier 2005; Sokal et al. 1991) . However, posterior studies asserted that the orientation of PC gradients could be influenced by additional processes. Novembre and Stephens (2008) showed that PC gradients can even be obtained without any range expansion. Next, François et al. (2010) and Arenas et al. (2013) demonstrated that PC gradients can be orthogonal to the direction of the expansion as a consequence of allele surfing (Edmonds et al. 2004; Excoffier and Ray 2008) , where surfing mutations occurring on the wave of advance of the range expansion generate highly differentiated genetic sectors (this process is more visible with small population sizes and low migration rates (Klopfstein et al. 2006) , especially after recent expansion where sectors were not yet removed through genetic homogenization (Excoffier and Ray 2008)) . Moreover, the level of admixture between Neolithic and Paleolithic populations can also alter the orientation of PC gradients (Arenas et al. 2013; François et al. 2010) , although, in practice, there is not yet a consensus concerning the real level of this admixture in Europe (Barbujani and Chikhi 2006; Chikhi et al. 1998; Currat and Excoffier 2005; Skoglund et al. 2014 ). In addition, Paleolithic range contractions resulting from the last glacial maximum (LGM) period (Straus 1991) and posterior re-expansions (Barbujani and Bertorelle 2001) could also influence these genetic gradients (Arenas et al. 2013; Arenas et al. 2014) .
All above cited studies focused on European populations and little is known about genetic gradients in other continents. Regarding the Americas, genetic gradients or clines derived from real data commonly present a clear northwestsoutheast (NW-SE) orientation (Cavalli-Sforza et al. 1993; Cavalli-Sforza et al. 1994) . Concerning North America, most of studies also showed a NW-SE orientation based on extensive genetic data (Cavalli-Sforza et al. 1994; Salas et al. 2009 ) and based on the geographic distribution of linguistic families and subfamilies (Cavalli-Sforza et al. 1994) . In South America, first genetic variation analysis by O' Rourke and Suarez (1986) showed a lack of geographic structure, although this analysis was based on only two summary statistics computed from a very limited number of populations. Cavalli-Sforza et al. (1994) , based on the presence of linguistic families and subfamilies and on genetic data, showed a northeast-southwest (NE-SW) genetic gradient. A similar gradient based on mitochondrial DNA haplogroup patterns was identified by Salas et al. (2009) .
Here we studied the influence of diverse evolutionary processes and environmental factors on PC gradients observed in the Americas, which to our knowledge was not studied so far. In the Americas, we identified some processes or factors that could affect PC gradients (Supplementary Table S1 ; Supplementary Material): (1) the presence of ice sheets during the LGM, (2) population admixture between different expanding population waves, and (3) migration with long-distance dispersal (LDD) events.
(1) As a consequence of the LGM, North America presented two large ice sheets (Laurentide and Cordilleran) that could affect the entry of modern humans in North America (Marshall et al. 2002; Ray and Adams 2001) . Hence, two entry routes to the Americas have been proposed and highly discussed, a coastal route following North Pacific coastlines and an inland route (ice-free corridor) at the eastern side of the Rocky Mountains (Bodner et al. 2012; Fagundes et al. 2008; Pedersen et al. 2016 ). In addition, ice sheets could have induced temporal ice-free refugia and posterior expansions to colonize northern regions after melting (Rogers et al. 1991) .
(2) There is clear evidence of more than one founding populations in the Americas (Reich et al. 2012; Skoglund et al. 2015) with complex admixture among them during the Lithic stage (e.g., Reich et al. 2012; Skoglund et al. 2015) .
(3) A few studies suggested that the expansion of modern humans through the world could involve long-distance dispersal (LDD) events , for example, traveling by boats (Balme 2013) . In this regard, a recent study on the settlement of Eurasia by modern humans found that evolutionary scenarios accounting for LDD better fitted real data than evolutionary scenarios without LDD (Alves et al. 2016) .
Following previous works (Arenas et al. 2013; François et al. 2010 ), we performed spatially explicit computer simulations to explore the influence of the cited factors (i.e., ice sheets during LGM, population admixture and LDD) on the observed American genetic gradients. We separately analyzed the entire continent, North America and South America to examine the influence of these processes at different scales.
Materials and methods
We performed spatially-explicit computer simulations with the program SPLATCHE2 to mimic the settlement of the Americas under diverse evolutionary and environmental scenarios. Usually spatially-explicit models provide more realistic simulations than models ignoring the geography of the landscape (Benguigui and Arenas 2014; Ray and Excoffier 2009 ). Basically, SPLATCHE2 simulates genetic data following three main steps: (i) A forward in time simulation of the evolutionary history of the entire population accounting for spatial and demographic information, (ii) a coalescent reconstruction of the evolutionary history of a sample, which is embedded in the previously obtained history of the entire population and (iii) a simulation of molecular evolution over the coalescent genealogy of the sample to generate the genetic data of the samples (Arenas 2012; Yang 2006) .
Using geographic information systems (GIS) we generated a two-dimensional lattice of 94 × 144 demes covering the Americas (3,815 are inland), where each deme corresponds to 100 × 100 km 2 (Supplementary Figure S13 ; Supplementary Material). An equal-area projection was used for the Americas to minimize deme area distortion. We considered a deme located at the Bering Strait to start the colonization. Next, demes exchange migrants with neighboring demes under a two-dimensional stepping-stone migration model (Kimura and Weiss 1964) . Some parameters related to the evolution of modern humans (i.e., generation time and growth rate) followed previous works based on Eurasian populations (Alves et al. 2016; Arenas et al. 2013; François et al. 2010; Pimenta et al. 2017 ), although we increased the migration rate to simulate a colonization of the Americas rapid enough to fit with the current knowledge (details for all the applied parameters are shown in Supplementary Material). Indeed, the population size at the onset of the colonization of the Americas followed previous works based on American populations (Fagundes et al. 2018; Gravel et al. 2013; Hey 2005; Kitchen et al. 2008; Mulligan et al. 2004 ) (details in Supplementary Material).
We simulated several scenarios by combining diverse processes (Supplementary Table S1 , Supplementary Material) that we hypothesized to be influential on current American genetic gradients:
(1) Colonization of the landscape by one or by two populations. The exact number and timing of expansions on the Americas remains uncertain and under debate. Following some studies, here we simulated an initial colonization wave (hereafter called "first" expansion) from western of current Alaska at 18 kya (Dillehay 2009 ). Under scenarios with admixture, an additional Amerindian wave (hereafter called "second" expansion) was simulated from the same origin at 11 kya (beginning the Holocene) (Forster et al. 1996) (Supplementary Figures S14-S25, Supplementary Material). These two waves represent possible expansion waves of Amerindians (Dillehay 2009; Forster et al. 1996) . Under two populations we explored several levels of admixture (contribution of the second population to the final genetic pool: 100%, ≈12%, ≈6%, <5%; further details in Supplementary Material). Under two populations with admixture, the second population replaces the first population due to a competitive advantage (higher carrying capacity) but genetic lineages from the first population could still be present at different amount in the final genetic pool according to the level of admixture (regulated by the interbreeding rate IR). If there is not admixture (IR = 0), then the second population still replaces the first population due to competition, but the first population does not contribute genetically because there is no interbreeding between them. Under two populations, genetic samples are always taken in the second population.
(2) Colonization of the landscape considering and ignoring ice sheets derived from the LGM. Under this scenario we simulated two ice sheets in North America by setting the carrying capacity of the demes covered by ice to zero ) from 18 kya to 10 kya, according to estimates of the duration of ice sheets, frozen grounds and subsequent inundations (Bodner et al. 2012 ) (Supplementary Figures S16-S19 and S22-S25). Under ice-sheet scenarios, we allowed north to south coastal and/or inland corridors of 1-2 demes (100-200 km) width. We assumed an absence of ice sheets in South America at the arrival of modern humans to this region. The Andean Mountains presented an ice sheet during the LGM (Ray and Adams 2001) but it is assumed that first modern humans arrived there after the LGM.
(3) Colonization of the landscape considering and ignoring LDD. LDD events were simulated with the model developed by (further details in Supplementary Material) and according to a LDD distribution estimated from human data (Novembre et al. 2005) . Next, we applied a LDD proportion of 0.05 (Alves et al. 2016; Mona et al. 2014 ) and we considered 10 demes (1,000 km) as a maximum distance of dispersal per generation (Alves et al. 2016 ) (Figures S15, S19, S21 and S25).
For each scenario (Supplementary Table S1 ), we performed a total of 100 simulations. Each simulation generated genetic samples of 20 (haploid) individuals in 91 sampling locations spatially distributed along the entire continent (Supplementary Figure S13 , Supplementary Material). Following Arenas et al. (2013) , each individual included 100 independent SNP loci by conditioning on a global minor allele frequency (MAF) larger than 0.03 to avoid getting too many rare regionally private alleles (Arenas et al. 2013; François et al. 2010) . Indeed, we simulated another dataset with 100 STR loci evolved under a strict stepwise mutation model with mutation rate 5 × 10
per generation per locus (Arenas et al. 2013) .
PCA was computed with the "prcomp" function of the R software environment. A PC gradient was included on the PC1 map of each analyzed dataset by connecting the geographical centroids of the positive and negative coordinates and next, we computed the median over the 100 PC1 gradients generated under each evolutionary scenario. The goals of applying PCA rather than traditional summary statistics are that PCA considers global patterns of genetic variation caused by multiple factors (ancestral expansions and admixture, ancestral range contractions, irregular migration, irregular sampling, among others) (François et al. 2010; Novembre and Stephens 2008) and allows extrapolation for inferences in non-sampled regions (Arenas et al. 2013; François et al. 2010 ).
Results
Genetic gradients over the entire American continent are not influenced by the studied population admixture, LGM or LDD Genetic data simulated along the entire continent generated a NW-SE PC1 gradient that was persistent to the studied presence or absence of ice sheets, LDD events, level of population admixture and genetic marker ( Fig. 1 and Supplementary Figures S1-S4, Supplementary Material). This gradient follows the axis of population expansions and corresponds to the gradient commonly observed in real data (Fig. 1) . The second principal component (PC2), and subsequent PCs, describes regions with some isolation (Arenas et al. 2013; François et al. 2010 ). Our inferred PC2 maps for the entire continent showed several regions under this situation (Supplementary Figure S5 , Supplementary Material): Alaska, the Labrador Peninsula, Central America and Patagonia. Additionally, in absence of admixture, the second expansion showed some isolation of regions located at the northeast of Brazil.
Genetic gradients over North America are influenced by the studied population admixture, LGM and LDD In contrast to the changeless pattern generated in the entire continent, PC1 gradients obtained in North America varied under different combinations of considering or ignoring ice sheets, population admixture and LDD.
With the first expansion only, the absence of ice sheets resulted in NE-SW gradients (Fig. 2a, right column) , while the presence of ice sheets (under either the coastal, the inland or both corridors) leads to different gradients with NW-SE orientation (Fig. 2b-d, right column) .
Similarly, when two populations are considered we found that PC1 gradients depend on the amount of admixture between them and the presence or absence of ice sheets (Fig. 2) . If ice sheets are not considered, PC1 gradients for lack or any level of admixture present a NE-SW orientation (Fig. 2a) . By contrast, if ice sheets are considered (under either the coastal, the inland or both corridors), the second expansion alone (without admixture) also generates a PC1 gradient with orientation NE-SW (Fig. 2b-d, left column) , while under any level of contribution of the first population to the final genetic pool we found PC1 gradients with orientation NW-SE (Fig. 2b-d, right columns) . Similar results are obtained under different levels of carrying capacity (Supplementary Figure S6 ; Supplementary Material).
The consideration of LDD generated PC1 gradients that differ between considering a single second expansion or any level of admixture between the two expanding populations with or without ice sheets (Supplementary Figure S8 , Supplementary Material). Interestingly, the scenario with admixture presented an opposite orientation with (NW-SE) or without LDD (NE-SW) when ice sheets are not considered (Fig. 2a) . Additionally, we noted that LDD increased the variance of PC1 gradients among simulations (Supplementary Figure S8) . The gradient commonly observed in real data (NW-SE) (Cavalli-Sforza et al. 1994 ) may thus only be reproduced by scenarios including the presence of ice sheets with any contribution from the first expansion or alternatively, scenarios with LDD and any contribution from the first expansion, the latter with more variance.
Concerning PC2 maps, we found that three regions appear isolated: Alaska, the Labrador Peninsula and Central America ( Figure S9 , Supplementary Material).
Genetic gradients over South America are not influenced by the studied population admixture or LDD All studied evolutionary scenarios, including different levels of population admixture and presence or absence of LDD, generated NE-SW PC1 gradients along South America (Fig. 3 and Supplementary Figures S10-S11 , Supplementary Material). This gradient is almost orthogonal to the axis of expansion and corresponds to the one commonly observed with real data. Estimated PC2 maps highlighted north (Central America), south (Patagonia) and east (northeast of Brazil) regions of South America (Supplementary Figure S12 , Supplementary Material).
Discussion

Influence of evolutionary and environmental factors on genetic gradients
Our results showed contrasting PC1 gradients depending on the studied geographic scale. We suggest that this finding can be derived from the conjunction of different evolutionary factors at different spatial scales.
Genetic gradients over the entire continent followed a NW-SE orientation (along the general orientation of the population expansions) and were not influenced by any studied evolutionary process or environmental factor (presence or absence of ice sheets, population admixture, presence or absence of LDD). We suggest that this persistent gradient is mainly due to an isolation by distance (IBD) process that could be induced by the long NW-SE distance of the continent, which is in agreement with Kanitz et al. (2018) . Although serial founder effects (SFE) can also generate a genetic diversity gradient following the orientation of the range expansion (Barbujani et al. 1995) , our inferred gradient was invariable to LDD events (which can lead to range expansions with different orientations) and to expansion origins in other locations of the landscape (i.e., east of South America, results not shown). For these two reasons, we favor IBD over SFE due to population expansion.
By contrast, PC1 gradients in North America only were much more sensible to the underlined evolutionary processes and environmental factors. Ignoring ice sheets leads to PC1 gradients with NE-SW orientation, almost orthogonal to the direction of the range expansion, which is invariable with the level of population admixture. We explain these gradients by an "allele surfing" process considering that these expansions are very recent (18-11 kya), with dates relatively close to the onset of the Neolithic range expansion in Europe (10 kya), where allele surfing would have prevailed in absence of admixture with previous populations (Arenas et al. 2013; François et al. 2010) , and therefore without enough time to homogenize genetic sectors. Next, scenarios allowing a contribution from the first population combined to the presence of ice sheets, present PC1 gradients with NW-SE orientation. One explanation is that this orientation is due to an allele surfing process during the first expansion, which has a large influence. Because the first expansion is restricted to a coastal corridor due to the presence of ice sheets, it thus does not result in the creation of sectors and to orthogonal differentiation. An alternative explanation is that the NW-SE gradient was generated during a posterior range expansion to colonize northern regions that become habitable after melting of the ice sheets (i.e., Supplementary Figures S16-S19 and S22-S25). Scenarios with LDD presented a larger variance of PC1 gradients among simulations probably because the direction of LDD events is chosen randomly (Alves et al. 2016; . Interestingly, while single second expansions with LDD showed a PC1 gradient with NE-SW orientation, scenarios with population admixture presented PC1 gradients with NW-SE orientation. Our explanation is that LDD tends to homogenize genetic diversity over the space and thus tend to blur the gradients . Thus, while the single second expansion under LDD could still keep some genetic signatures of allele surfing, admixed populations (either with or without ice sheets), which have more ancestral genetic information derived from the first expansion (and therefore LDD operated during a longer time period), may have had time to remove genetic sectors through LDD leading to gradients that reflect IBD.
PC1 gradients in South America presented a NE-SW orientation that was invariable with the admixture and the presence or absence of LDD and similar to the gradient found with real data. We suggest that these gradients are derived from an allele surfing process because this range expansion is more recent and thus sectors derived from allele surfing can still be present in the current population.
Our estimated PC2 gradients proposed several regions with some genetic isolation that could be simply explained with the geography (i.e., geographic isolation) of the landscape.
Fitting simulated genetic gradients with genetic gradients derived from real data
Here we did not attempt to quantitatively contrast our inferences with the American genetic gradients derived from real data. Actually, the orientation of the main gradient in the Americas is similar among studies. However, qualitative comparisons with genetic gradients obtained from real data show that our PC1 gradient along the entire continent, independently of the simulated evolutionary scenario, is a good approximation of the gradient commonly observed with real data (Fig. 1) (Cavalli-Sforza et al. 1993; Cavalli-Sforza et al. 1994; Salas et al. 2009 ). Consequently, this result indicates that all studied evolutionary scenarios similarly fit the real data and that PC1 gradients do not bring information to distinguish between the studied processes. Next, our estimated PC2 maps presented isolated regions (i.e., the Labrador Peninsula and Alaska, which could be caused by geographic isolation) that also were described in PC2 maps derived from real data (Cavalli-Sforza et al. 1993; Cavalli-Sforza et al. 1994) .
Concerning North America, NW-SE (Cavalli-Sforza et al. 1993; Cavalli-Sforza et al. 1994; Salas et al. 2009 ) gradients were found for real data. Our results indicate that such a gradient can be obtained from scenarios that consider ice sheets and/or LDD with any contribution from the first expansion (Fig. 2, Supplementary Figures S6 and S8) .
In South America, genetic gradients derived from real data disagree. First studies showed a lack of geographic structure (O'Rourke and Suarez 1986). Later, CavalliSforza et al. (1994) found a NE-SW genetic gradient based on genetic data [see also (Salas et al. 2009 )] and on the geographical location of a variety of linguistic families and subfamilies, which could be favored by the Andes and that is similar to our inferred PC1 gradient (Fig. 3) . Here we found that the orientation of the PC1 gradient is invariable with the level of population admixture or the presence/ absence of LDD. All studied scenarios therefore similarly fit with real genetic gradients and no particular scenario can be preferred. It means the PC1 gradient is not informative to distinguish between the studied evolutionary scenarios. Indeed, Cavalli-Sforza et al. (1993; 1994) and Salas et al. (2009) showed that the northeast region of this continent might present some differentiation, which was also identified with our PC2 map (Supplementary Figure S12) . Indeed, Cavalli-Sforza et al. (1994) also identified Patagonia as an isolated region in their PC3-PC5 maps estimated from real data, which was also found in our PC2 maps derived from simulated data.
In agreement with previous studies (Benguigui and Arenas 2014; Novembre and Stephens 2008) , we conclude that spatially-explicit computer simulations followed by PCA can be useful to study the influence of evolutionary and environmental factors on genetic gradients by exploring the range of scenarios leading to the observed patterns. We conclude that the genetic gradient of modern humans over the entire American continent -following the direction of the range expansion-was not influenced by any studied factor (presence of ice sheets generated during the LGM, population admixture and migration including LDD events) under the considered assumptions (parameters and models) and we suggest that this gradient was rather caused by IBD than by just successive founder events. Indeed, we suggest that the long length of this continent played an important role in the genetic gradient displayed by the PC1, favoring the genetic contribution of IBD. Of course, the expansions over the whole American continent were likely to generate allele surfing and because they are recent, the signal could still be there at the subcontinent scale, as found in European expansions (Arenas et al. 2013; François et al. 2010) . However, in addition to that, the long N-S distance of this continent can impose an IBD process increasing genetic differentiation between northern and southern populations, which thus blur the effect of any evolutionary or environmental factor investigated in this study.
Nevertheless, when exploring only North America, our genetic gradients were usually orthogonal to the direction of the most recent range expansion (either initial expansion from Bering or expansions to colonize regions previously covered by ice-sheets with contribution of the first population to the final genetic pool), and consequently we suggest that they could be caused mostly by allele surfing. In South America, the orientation of the simulated genetic gradient -orthogonal to the direction of the range expansion-was also not influenced by the level of population admixture or LDD, suggesting the effect of allele surfing.
In all, we suggest that PC1 gradients differ among different landscapes (north, south or entire continent) because the underlined evolutionary forces are constrained by features of the landscape. Future studies could consider more complex scenarios to refine our results, namely by coounting for present and ancestral vegetation maps and local geographical barriers such as relevant rivers and mountain ranges. Concerning the modeling of human evolution, multiple expanding waves could be envisaged to reflect the influence of European populations regarding admixture (Hunley and Healy 2011) and demographics (Lindo et al. 2016; O'Fallon and Fehren-Schmitz 2011) (here we focus on indigenous Americans), more realistic demographic parameters (i.e., migration rate and carrying capacity varying with time) and selection will also be useful. Hopefully these scenarios will be incorporated into future spatially-explicit computer simulators.
